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Seed discountingThe ability to self-fertilisemay promote invasiveness in plants by assuring reproductionwhenmate and pollinator
availabilities are inadequate, provided that the beneﬁt of increased fecundity via selﬁng is not outweighed by
inbreeding depression. However, knowledge of breeding systems and inbreeding depression has been lacking
for most introduced plants. In this study of the invasive Australian tree Acacia dealbata in its introduced range in
South Africa, controlled pollination experiments indicated that the study population was at least partially self-
compatible and had a high capacity for autonomous self-pollination. However, we found substantial inbreeding
depression, with seeds per fruit, progeny survival and progeny growth being lower after self- than after cross-
pollination. Progeny arising from self-pollination also had a higher frequency of certain traits – yellow colouration
of leaves and pink or white colouration of stems – which were associated with lower rates of survival. High
inbreeding depression in A. dealbata must detract from the reproductive assurance beneﬁt of self-fertilisation,
casting doubt on the hypothesis that self-fertilisation contributes to invasiveness in this species. As high inbreeding
depression has also been reported in other self-compatible trees, future studies should elucidate whether self-
fertilisation contributes to invasiveness of trees by assessing both reproductive assurance beneﬁts and inbreeding
depression costs over the lifetime of progeny.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
To become invasive, introduced plants must be able to reproduce in
their novel range. It has been predicted that the ability to self-fertilise
should promote invasiveness in introduced plants by assuring repro-
duction when mates and pollinators are in short supply (reproductive
assurance) (Baker, 1965a, 1974; Barrett, 2011). In linewith this, several
studies have found positive associations between invasiveness and
selﬁng ability (Van Kleunen and Johnson, 2007; Van Kleunen et al.,
2008; Burns et al., 2011; Hao et al., 2011; Pyšek et al., 2011). However,
inbreeding depression – reduced performance of inbred relative to
outbred progeny – is very common in plants and detracts from the
reproductive assurance beneﬁts of self-fertilisation (Husband and
Schemske, 1996). Self-fertilisation can actually be detrimental to
reproductive success when inbreeding depression is present and
pollinator visitation andmate availability make outcrossing possible.
In such cases, inferior selfed progeny may be produced at the expense
of ﬁtter, outcrossed progeny (seed discounting, Lloyd, 1992). When
considering whether selﬁng may promote invasion in plant species,
it is therefore important take inbreeding depression into account.
Although many invasive species are now known to self-fertilise (Vanoology, StellenboschUniversity,
: +27 21 808 3158.
y Elsevier B.V. All rights reserved.Kleunen and Johnson, 2007; Van Kleunen et al., 2008; Burns et al.,
2011; Hao et al., 2011; Pyšek et al., 2011), there are very few investiga-
tions of inbreeding depression for introduced species (although see
Ward et al., 2012; Mullarkey et al., 2013).
Studies of plants in the native range have shown that selﬁng ability
and inbreeding depression vary between life forms. While herbaceous
plants show a wide range of breeding systems and levels of inbreeding
depression,woody plants in general and trees in particular, are predom-
inantly self-incompatible with high levels of inbreeding depression
(Duminil et al., 2009). This suggests that even when they do produce
seeds by self-fertilisation (Barrett et al., 1996; Husband and Schemske,
1996; Duminil et al., 2009), woody plants may not realise beneﬁts
from reproductive assurance (Lande et al., 1994; Morgan, 2001). Trees
generally have higher outcrossing rates than herbaceous plants
(measured from seeds or seedlings), probably because high levels
of inbreeding depression select against traits that promote selﬁng
(Barrett et al., 1996; Scoﬁeld and Schultz, 2006; Duminil et al.,
2009). In fact, very few woody plants are known to be fully self-
compatible or to have predominantly selﬁng mating systems (Barrett
et al., 1996 but see Hardner and Potts, 1995, 1997; Ishida, 2006, 2008;
Robertson et al., 2011).
High inbreeding depression in trees may be a result of their size – as
a greater number of mitotic cell divisions should result in more
mutations (Scoﬁeld and Schultz, 2006) – or their longevity – as the
cumulative effects of inbreeding depression increase throughout
life (Morgan, 2001). In trees and shrubs, large ﬂoral displays often
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consecutively, resulting in high rates of geitonogamous self-pollination
(De Jong et al., 1993), which will result in seed discounting in self-
compatible plants. Therefore, for woody plants, it is particularly
important to consider inbreeding depression when assessing the
potential of selﬁng to provide a demographic advantage through
reproductive assurance.
We aimed to assess whether self-fertilisation potentially contributes
to invasiveness in the Australian tree Acacia dealbata in its introduced
range in South Africa. Speciﬁcally, we assessed self-compatibility by
comparing fruit set after cross, self, andnatural pollinations and evaluated
inbreeding depression from subsequent seed development, seedling
growth and survival of progeny produced by these pollination
treatments.2. Materials and methods
2.1. Study species and study population
A. dealbata (silver wattle) invades grassland and forest habitat in
the moist eastern summer rainfall regions of South Africa (Henderson,
2007), growing either as a tree or shrub, depending on environmental
conditions. It originates in temperate south-eastern Australia, as a forest
pioneer (Sherry, 1971) and an element of grassy woodland communi-
ties (Broadhurst and Young, 2006). Extensive plantations of A. dealbata
were established in KwaZulu-Natal, South Africa in the nineteenth
century, and it remains an important source of fuelwood, although it
is no longer grown commercially (Poynton, 2009).
In KwaZulu-Natal, A. dealbata mass-ﬂowers in early spring (July to
September). It bears racemes of compact yellow globose ﬂower-heads
(inﬂorescences) containing 22–42 minute protogynous ﬂowers
(Broadhurst and Young, 2006) (Fig. 1). These inﬂorescences are
highly integrated units that act as blooms and produce only one
or a few fruits each (Kenrick and Knox, 1989a; Gibson et al.,
2011). In Australia A. dealbata is mainly diploid, with occasional
tetraploids and triploids reported (Blakesley et al., 2002). Allozyme
analysis indicates that this species is highly outcrossing in its native
range (tm = 0.89–1.00, n = 6 populations), where it is probably
pollinated by introduced honeybees and native bees (Bernhardt,Fig. 1. Flowering branch of Acacia dealbata. Flower heads are ±5 mm in diameter and
consist of 22–42 individual ﬂowers. Styles can be seen protruding beyond the anthers.
Photo A. Shuttleworth.1989). Prior to this work there was no information on the repro-
ductive biology of A. dealbata in its introduced range in South
Africa, but a sister study indicated that honeybees are its main
pollinators in the study region (Rodger, 2012).
The population studied was a stand of mature trees, about 20 by
200 m along a watercourse on the farm Dalcrue, near Nottingham
Road in the KwaZulu-Natal Midlands (29° 22.9′ S, 29° 54.5 E,
1500 m ASL). Although information on age, number of founders
and other aspects of history of the stand was not available, expres-
sion of strong inbreeding depression indicates that the population
is not genetically homogeneous (see Discussion).2.2. Controlled pollinations
Controlled pollination experiments, conducted between the 6th and
18th of August 2004,were used to assess the ability of A. dealbata to self-
fertilise in its introduced range. Four treatments were applied to 16
trees: hand cross-pollination, hand self-pollination, autonomous self-
pollination and natural pollination. Nylon mesh bags were used to
exclude ﬂoral visitors from all except naturally pollinated branches.
After bagging, autonomous self-pollination treatments were not fur-
ther manipulated. All inﬂorescences which had already opened were
removed from treated branches at the start of the experiment. Hand
cross- and hand self-pollinations were applied to one branch per tree;
autonomous self-pollination treatments to four branches per tree and
three branches per tree were marked for natural pollination. More
branches were used for the autonomous self and naturally pollinated
treatments to ensure that sufﬁcient fruit were obtained for comparison
of seeds per fruit between treatments.
Wire spirals were attached to branches prior to bagging tominimise
contact between ﬂowers and the bag, except that for autonomous self-
pollination, two bags per tree had wire spirals and two bags did not.
This was to assess whether contact between ﬂowers and the bag
would promote self-pollination. A paired samples t-test showed that
fruit set (arcsine-square root transformed) did not differ between
autonomous self-pollination branches with and without wire (t =
1.272, df = 10, p = 0.232), so data were pooled. Datawere also pooled
for all naturally pollinated branches on each tree. A median of 81 inﬂo-
rescences was used per branch over all treatments (minimum = 11,
maximum = 337).
Pollen for cross-pollination was obtained from a tree at least 20 m
away, which ensured that pollen donors and recipients were separated
by a few intervening plants. Due to intensive honeybee foraging,
branches were bagged to ensure availability of pollen. Pollen was ap-
plied by rotating donor inﬂorescences against recipients and treated in-
ﬂorescences were marked on the stalk with a Sharpie Pen (Sanford™).
The proximity of stigmas to anthers makes it likely that some self-
pollination occurred in all treatments. However, emasculation to
prevent self-pollination is not practical in these plants due to the
compact nature of inﬂorescences and small size of ﬂowers. All inﬂores-
cences which opened on self and cross-pollinated branches during the
experiment were pollinated on their ﬁrst day and again a day later.
Fruit setwas scored just prior tomaturity in November 2004, as pro-
portion of inﬂorescences that set at least one fruit. Fruit-set is frequently
scored in this way in Acacia due to the highly integrated nature of inﬂo-
rescences (Kenrick and Knox, 1989b; Gibson et al., 2011; see Fig. 1).
Early inbreeding depression was assessed from seeds per fruit. Treated
branches were bagged prior to maturity to prevent loss of seeds and
fruits due to abscission and dehiscence. Number of full seeds per fruit
was scored when fruits were collected at maturity in December that
year. Seeds were regarded as full if they were swollen and if they did
not break when held between the ﬁngernails and squeezed gently. As
some fruits had dehisced in the bags prior to scoring, we obtained
mean number of seeds per fruit as number of seeds/number of fruits,
pooling all branches for each treatment on each tree.
Fig. 2. Proportion fruit set (infructescences per inﬂorescence) (a) and full seeds per fruit
(b) in a controlled pollination experiment on Acacia dealbata. Numbers above bars
represent sample sizes (number of plants). Back-transformed means ± standard errors
from arcsine-square root transformed data shown in (a), Treatments are signiﬁcantly
different where they do not share a letter in (b). In (b) whiskers indicate 10th and 90th
percentiles where sample size is large enough to calculate them. In (a) ‘Cross’ and ‘Self’
denote hand pollination treatments and ‘Auton. self’ represents autonomous self-
pollination (bagged to exclude pollinators and not hand pollinated). In (b) hand
self- and autonomous self-pollination treatments are pooled under ‘Self’.
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Seeds from the breeding system experiment on A. dealbata were
sown on the 14th of April, 2007 at the University of KwaZulu-Natal,
Pietermaritzburg. Seeds were nicked with a razor blade to remove a
small piece of the seed coat and placed randomly in separate cells in
eleven germination-trays (128 cells per tray) ﬁlled with a mixture of
composted pine bark and coco ﬁbre (Top Crop™wattle mixture). Seed-
lings weremaintained in a shade-house to an age of three months. Ger-
mination, survival and growth were assessed for progeny from self-,
cross- and natural pollination in order to assess inbreeding depression
and its impact on performance of progeny produced by natural pollina-
tion. Germination was scored at one month (only three dead seedlings
were recorded and no germination was observed subsequently) and
the presence of live seedlings (cumulative survival) three months
after sowing. Seedling height was measured to within 1 mm after one
month and again after 3 months from sowing. Growth was calculated
as (height at three months − height at one month).
Certain unusual characters were apparent in the seedlings and we
scored their presence at the same time as germination, in order to assess
whether they were associated with reduced performance. Predomi-
nantly yellow and slightly yellow variants were observed for leaf colour,
as opposed to the normal green. Red colouration was observed, either
visible on the leaf margin and the dorsal surface of the leaf edging the
margin, or only on the margin itself, although most leaves lacked
any red colouration. Stem colour variants were either predominantly
white or pink, as opposed to the normal green.
2.4. Statistical analyses
Breeding system was assessed by comparing differences between
treatments in proportion fruit set in ANOVA in SPSS 15 (SPSS, 2008).
Proportion fruit set for each treatment on each tree was arcsine-
square root transformed and treewas included as a factor in the analysis.
Tukey posthoc tests were used to compare pairs of treatment means in
all analyses.
Early inbreeding depression was assessed from seeds per fruit.
Acacia is particularly suited to this because stigmas usually receive
a single polyad (Kenrick, 2003; Moncur et al., 1991), minimising
noise associated with variation in quantity of pollen received, so
seeds per fruit depends almost entirely on pollen quality (outcross
versus self). Data from autonomous and hand self-pollinations
were pooled for inbreeding depression analysis as sample sizes
were low and because these treatments are genetically equivalent.
Although these treatments might differ in seeds per fruit if there
was a higher level of fruit-set in one treatment and a trade-off
between proportion fruit-set and seeds per fruit, no signiﬁcant
differencewas found in fruit-set (Fig. 2) or seeds per fruit (independent
samples t-test: t = 0.47, df = 15, p = 0.643). Crossed, naturally
pollinated and selfed treatments were compared using REML analysis
of variance in Genstat as sample sizes were unbalanced. Rank-
transformed datawas used as no other transformation provided accept-
able homogeneity of variances. Although rank-transformation can
result in type I error rates above the nominal level for interaction
terms (Seaman et al., 1994), we did not include an interaction term in
this model. Tree was included as a random effect and differences
between pairs of treatments were assessed with Fisher's unprotected
least signiﬁcant difference test. Although corrections for multiple
comparisons are sometimes applied for pairwise comparisons, we
have not done so in this case because each comparison tests a different
hypothesis, so the multiple comparisons do not inﬂate type 1 error.
Signiﬁcance of the ﬁxed effect (treatment) was evaluated from the
Wald F-statistics and signiﬁcance of the random effect (tree) was
evaluated by comparing change in deviance in the model when the
term was dropped to a chi-squared distribution with one degree of
freedom (Payne et al., 2011).An index of self-incompatibility (ISI = 1 – fruit set for self-
pollination/fruit set for cross-pollination, Raduski et al., 2012 after
Lloyd, 1965) was calculated using untransformed fruit set data (propor-
tion of inﬂorescences setting fruit).Means and conﬁdence intervalswere
generated by bootstrapping with replacement, 10000 times using
PopTools Add in for Excel (Hood, 2009). Fruit-set values were available
from 11 trees for cross-pollination and nine for self-pollination. In each
round, resampling with replacement, 11 values were drawn for cross-
pollination and nine values for self-pollination. The means for cross-
and self-pollinations were used to calculate ISI in each round, and the
bootstrapped mean and conﬁdence intervals were generated from the
10000 rounds. We take ISI values of less than or equal to 0.2 to indicate
self-compatibility, 0.2–0.8 partial self-incompatibility and greater than
or equal to 0.8 self-incompatibility (Raduski et al., 2012). An autofertility
index (AFI)was calculated from fruit set as autonomous self-pollination/
hand self-pollination (Lloyd and Schoen, 1992; Eckert et al., 2006) with
means and 95% conﬁdence limits calculated by bootstrapping as for ISI.
Where both hand cross- and self- or hand cross- and autonomous self-
pollination treatments were available for the same tree, ISI and AFI
valueswere calculated for each individual to examine potential variation
in ability to self-fertilise.
Early inbreeding depression was calculated from medians of tree
values for seeds per fruit for selﬁng (pooling hand self- and autonomous
255J.G. Rodger, S.D. Johnson / South African Journal of Botany 88 (2013) 252–259self-pollination) and outcrossing using the formula δ = 1 −
performance of selfed progeny/performance of outcrossed progeny
(Husband and Schemske, 1996).
Germination, survival from one to three months and cumulative
survival from sowing to three months (i.e. inclusive of germination)
were evaluated in generalised linear mixed models in R 2.12.0 (R Core
Team, 2010) with the lmer function in the lme4 package, using Laplace
approximation (Bates and Maechler, 2010). Germination-tray and tree
were included as random effects and pollination treatment as a ﬁxed
effect. Signiﬁcance of random effects was tested by dropping them
one at a time from the full model, and testing change in log-likelihood
against the chi-squared distribution with one degree of freedom.
z-Values from the full model were used to evaluate whether perfor-
mance of progeny from self- and natural pollinations was lower than
that for cross-pollination.
Inbreeding depression was assessed for height at one month
using REML analysis of variance in Genstat 12 (Genstat, 2009). Polli-
nation treatment was included as a ﬁxed effect and germination-tray
and tree were included as random effects in analyses for both height
measurements. For height at three months, analysis was conducted
ﬁrst exactly as for height at one month, but an additional analysis
was conducted, in which height at one month was also included as
a ﬁxed effect. Growth between one and three months was analysed
with the same effects as height at onemonth. Signiﬁcance of ﬁxed ef-
fects was evaluated using Wald F-statistics. Treatments were com-
pared using Fisher's unprotected least signiﬁcant difference (ULSD)
tests to compare pairs of treatments. For random effects – tree and
germination-tray – signiﬁcance was evaluated by dropping terms
one at a time from the full model, and comparing the change in devi-
ance to a chi-squared distribution with one degree of freedom (Payne
et al., 2011). Estimates of Inbreeding depression (δ) were calculated for
germination, survival and height as for seeds per fruit. Back-transformed
predicted values from generalised linearmixedmodels (employing logit
transformation)were used to calculate δ for germination and cumulative
survival. Predicted values from REML analysis of variance were used to
calculate δ for height. Cumulative inbreeding depression was calculated
as 1 − (1 − δseeds per fruit) × (1 – δcumulative survival) × (1 − δheight
1 month) × (1 − δheight 3 months). Values used to calculate δheight 3 months
were obtained while controlling for height at one month.
We tested whether the frequencies of seedling traits (leaf and stem
colouration) differed among pollination treatments, again using gen-
eralised linear mixed models with Laplace approximation in R, as
described above for germination and survival, as data were binomial.
The response variable in each case was the presence or absence of the
relevant character: e.g. all seedlings with predominantly yellow leaves
coded 1 and all others coded zero. Pollination treatment was included
as a ﬁxed effect and germination-tray and tree as random effects.
Further, we tested whether these unusual characters were associated
with reduced survival from germination to three months in a general-
ised linear mixed model with Laplace approximation. Leaf yellowness,
leaf redness, and stem colour were included as ﬁxed effects, each with
three levels, pollination treatment was also included as a ﬁxed effect
and tree and germination-tray were included as random effects.
Assumptions of analyses were assessed from qq plots and plots of
residuals against ﬁtted values for ANOVA and REML analysis of variance.
For generalised linearmixedmodelswith Bernoulli (0 or 1) data such as
those presented here, there are no clear guidelines for interpretation of
residuals and overdispersion cannot occur (Zuur et al., 2009, p 253).
Although previous studies of A. dealbata estimatedminimum outcrossing
rates using seedling characters which segregated in 3:1 and 15:1 ra-
tios (Philp and Sherry, 1946; Moffet, 1956), we were unable to do so
as there was variation for each trait examined within the majority of
progeny families (offspring from the same maternal plant), includ-
ing within progeny from cross-pollination. The necessary assumption
that all individuals showing rare characters came from selﬁng therefore
seems rather unrealistic.3. Results
3.1. Controlled pollinations
In A. dealbata fruit set (proportion of inﬂorescences setting fruit) did
not differ signiﬁcantly among pollination treatments (F3, 32 = 1.04,
p = 0.387; Fig. 2a), although there was signiﬁcant variation among
trees (F14, 32 = 6.90, p b 0.001). The index of self-incompatibility (ISI)
estimated from proportion fruit set was 0.22, classifying A. dealbata as
partially self-compatible (in the range 0.2–0.8), although the conﬁdence
limits – lower conﬁdence limit (LCL) = −0.43, upper conﬁdence limit
(UCL) = 0.63 – include the range for self-compatibility (0–2). The
autofertility index (AFI) was 1.44 (LCL = 0.80, UCL = 2.56) indicating
that A. dealbata is highly autonomously self-pollinating (a value of 1
indicates identical fecundity under hand-self and autonomous self-
pollinations and is the theoretical upper limit for AFI; although the
mean value here is greater than, 1 the conﬁdence limits include 1, so
this is not biologically or statistically signiﬁcant). ISI values could
be calculated for eight individual trees with median = 0.07 and
range −0.5–1; AFI values could be calculated for eight trees with
median = 1.15 and range 0.54–2.53.
Pollination treatment had a signiﬁcant effect on seeds per fruit
(F2, 28.1 = 3.39, p = 0.048; Fig. 2b), with median values of 1.89
seeds for cross-pollination, 0.98 seeds for self-pollination and 1.04
seeds for natural pollination (Fig. 2b). Fisher's unprotected least
signiﬁcant difference test indicated that cross-pollinated fruits had
signiﬁcantly more seeds than self-pollinated (p = 0.015) but natural
versus self (p = 0.208) and natural versus cross (p = 0.137) compari-
sonswere non-signiﬁcant (Fig. 2b). Inbreeding depression for seeds per
fruit was estimated as δ = 0.481 from median values.
3.2. Progeny trials
Inbreeding depression was apparent in progeny trials, but only
became signiﬁcant at three months from sowing (Tables S1–S6;
Fig. 3). Germination was between 80 and 90% for all treatments and
was not signiﬁcantly greater for seeds from cross-pollination than self-
pollination (p = 0.123) or natural pollination (p = 0.100) (Table S1;
Fig. 3a). Height of seedlings at one month did not differ signiﬁcantly
between treatments (Wald-F2, 1033.7 = 1.75, p = 0.174), although the
rank order of the treatment means – cross N natural N self – was
consistent with inbreeding depression and mixed mating under nat-
ural pollination (Table S2; Fig. 3b). Selfed seedlings had signiﬁcantly
lower survival from one to three months than crossed seedlings
(p = 0.020) although the difference between natural and cross
was not signiﬁcant (p = 0.278) (Table S3, Fig. 3c). Growth from
one to three months did not differ signiﬁcantly between treatments
(Wald-F2, 702 = 2.44, p = 0.088), with rank order of treatments
being natural N cross N self (Table S4, Fig. 3d). Cumulative survival
to three months was signiﬁcantly lower for progeny arising from
self-pollination compared to those arising from cross-pollination
(p = 0.004), with a trend for higher survival for progeny from
cross-pollination than natural pollination (p =0.089; Table S4;
Fig. 3e). Inbreeding depression (δ) for cumulative survival was 0.28.
Treatments differed signiﬁcantly in seedling height at three months
(Wald-F2, 830 = 4.12, p = 0.017; δ for height at three months = 0.06)
with the rank order of treatments being cross N natural N self (Table
S5; Fig. 3f). However, when height at one month was included as a co-
variate, then height at three months did not differ signiﬁcantly between
treatments (Wald-F2, 667 = 2.78, p =0.063). Cumulative inbreeding de-
pression was estimated as 0.65 from pollination to three months and
0.32 from sowing to three months.
Seedlings arising from self- and natural pollinations had a higher
frequency of predominantly yellow leaves than those arising from
cross-pollination, although only self-pollination was signiﬁcant (Table
S7: p = 0.046 and p = 0.070 respectively). The frequency of slightly
Fig. 3. Performance of progeny from cross-, self- and natural pollinations. Proportion germination at one month (a); height of seedlings at one month (b); survival from one to three
months (c), growth from one to three months (d), cumulative germination and survival (i.e. proportion of seeds with live seedlings) at three months (e); and height at three months
(f). Bars represent predicted means and standard errors from statistical models; numbers below bars represent number of progeny assessed. Progeny represent seven trees for cross-
pollination, ten for natural pollination and nine for self-pollination in germination and survival analyses (a, c, e) and seven, nine and nine trees respectively for growth and height. For
germination and survival (a, c, e) * indicates a treatment that is signiﬁcantly different from cross-pollination (p b 0.05); for growth and height (b, d, f) treatments not sharing a letter
above the bar are signiﬁcantly different, as assessed by Fisher's unprotected least signiﬁcant difference tests.
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versus cross, p = 0.295: natural versus cross, p = 0.93). Pollination
treatment also did not affect the frequency of seedlings with red
colouration on both the dorsal surface and margins of leaﬂets (Table S9:
self versus cross, p = 0.179; natural versus cross, p = 0.293) or with
red colouration only onmargins (Table S10: versus cross, p = 0.253; nat-
ural versus cross, p = 0.916). There was a higher frequency of white
stems among seedlings from self- and natural compared to cross-
pollination but this was only signiﬁcant for self-pollination (Table S11:p = 0.003 and p = 0.161 respectively). There was a signiﬁcantly higher
frequency of pink stems among seedlings from self- and natural com-
pared to cross-pollination (Table S12: p = 0.018 and p = 0.049 respec-
tively). All these traits varied signiﬁcantly among maternal trees
(p b 0.05; Tables S7–S12).
Leaf yellowness and stem colour were signiﬁcantly associated with
lower rates of survival between germination and three months, but
leaf redness was not (Table S13). Seedlings with predominantly yellow
leaves had dramatically and signiﬁcantly lower survival between
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opposed to 56.5%, p b 0.001), but slightly yellow-leaved seedlings
did not differ from green-leaved seedlings in survival (47.2% versus
54.2%, p = 0.489). Survival of seedlings with white stems (15.9%)
and pink stems (46.6%) was signiﬁcantly lower than for green-
stemmed seedlings (59.5%); (p b 0.001 and p = 0.002 respectively).
4. Discussion
The A. dealbata population examined was at least partially self-
compatible (ISI = 0.22) and had a high capacity for selﬁng autono-
mously (AFI = 1.44). There were no signiﬁcant differences in fruit set
between pollination treatments (Fig. 2a) and the ISI conﬁdence limits
included 0, the value for complete self-compatibility. This is unusual,
but not unprecedented in Acacia. Three out of ten other species in
Acacia s.s. (previously subgenus Phyllodineae) for which controlled
pollination experiments have been conducted can be considered at
least partially self-compatible: Acacia ulicifolia (ISI = 0.04), Acacia
paradoxa (ISI = 0.14) and Acacia saligna (ISI = 0.26) (Kenrick and
Knox, 1989b; Gibson et al., 2011, ISIs recalculated following Raduski
et al., 2012). The rest were strongly self-incompatible (ISI N 0.8:
Moffett and Nixon, 1974; Bernhardt et al., 1984; Kenrick and Knox,
1989b; Morgan et al., 2002, summarised in Gibson et al., 2011).
Substantial inbreeding depression was detected in A. dealbata, over
seed development and progeny growth and survival to three months,
with a cumulative value of δ = 0.65. Seeds per fruit (Fig. 2b) and germi-
nation of seeds (Fig. 3a) from natural pollination were similar to those
from self-pollination, suggesting a mixedmating systemwith relatively
high rate of selﬁng. Over the course of the trial, performance of progeny
arising from natural pollination became more similar to those from
cross-pollination (Fig. 3a–d), presumably due to higher mortality of
selfed than outcrossed progeny among them. Height at three months
differed signiﬁcantly between treatments (Fig. 3f) only when height at
one month was not included as a covariate and growth from one to
three months did not differ signiﬁcantly between treatments (Fig. 2d).
These results indicate that inbreeding depression accumulates from
one to three months. The presence of inbreeding depression also
indicates that there was reasonable genetic diversity in the study
population. If genetic diversity was low, then shared deleterious alleles
would make performance of progeny from cross-pollination similar to
that of selfed progeny (Angeloni et al., 2011).
Although controlled pollinations and progeny trials suggest a high
rate of selﬁng in the population investigated in this study, Australian
populations of A. dealbata, have been found to be highly outcrossing,
with selﬁng rates measured from 0 to 0.11 in isozyme analysis of seed-
ling progeny arrays from six populations (Broadhurst et al., 2008). In
plants that have very large ﬂoral displays, such as A. dealbata, insects
move mostly between ﬂowers on the same plant, bringing about high
rates of geitonogamous self-pollination (De Jong et al., 1993). Where
self-compatibility is present, this will cause high rates of self-
fertilisation. Therefore, the low selﬁng rates of Australian populations
of A. dealbata strongly suggest that they are self-incompatible. Unfortu-
nately, direct comparisons are not possible as controlled pollinations
have not been conducted in Australia and isozyme analysis has not
been conducted in South Africa. Few comparisons of self-compatibility
between native and introduced ranges are available in general. To the
best of our knowledge, the only species shown to have higher self-
compatibility in the introduced than the native range are short lived
shrub Gomphocarpus physocarpus (Ward et al., 2012; Coombs et al.,
2009) and the annual Echium vulgare (Petanidou et al., 2012).
One explanation for increased self-compatibility in the introduced
range is preferential introduction of self-compatible genotypes. This is
plausible for A. dealbata, as Acacia species frequently display variation
in self-compatibility (Kenrick and Knox, 1989b) and the range of values
of ISI (0–1.5) and AFI (0.17–2.58) for individual trees in our study
population suggests that variation in the ability to self-fertiliseoccurs here too. Self-compatible trees may even have been inadver-
tently selected for introduction if they were more fecund than self-
incompatible ones, due to a lack of pollen limitation of fruit set
(Larson and Barrett, 2000).
High inbreeding depression, as found in A. dealbata in this study, is
typical for trees (Barrett et al., 1996; Husband and Schemske, 1996;
Duminil et al., 2009), including Acacia. Having fewer seeds per fruit
after self- than cross-pollination has been documented for A. dealbata
in this study (Fig. 2b) and for Acacia baileyana, Acacia mearnsii, Acacia
decurrens and Acacia melanoxylon (Moffett and Nixon, 1974; Morgan
et al., 2002, J.G. Rodger, unpublished results). This is most likely due to
higher rates of abortion of self-fertilised progeny during development.
Selfed progeny of A. decurrens and A. mearnsii, like A. dealbata (Fig. 3),
also displayed inbreeding depression in growth and survival, segregating
for lethal and less severe deleterious traits at the seedling stage aswell as
during later growth (Philp and Sherry, 1946; Moffet, 1956; Moffett and
Nixon, 1974). The expression of characters associated with lower rates
of survival was higher in selfed- than crossed-progeny in A. dealbata in
this study. It is possible that these characters (Table S11), most of
which seemed discrete rather than continuous, reﬂect the expression
of particular deleterious recessive alleles in selfed progeny. However,
as we were not able to determine the ratios of segregation, this could
not be conﬁrmed. Progeny were maintained to three months in this
experiment, by which time substantial inbreeding depression in terms
of survival from sowing (δ = 0.28), and to a lesser extent growth
(δ = 0.06), was evident, and this would almost certainly have increased
over time. This level of inbreeding depression to three months is
comparable to that in the self-compatible trees Eucalyptus regnans
(Hardner and Potts, 1997), Fuchsia excorticata and Sophora microphylla
(Robertson et al., 2011), which all showed substantial inbreeding
depression at later stages.
Habitually selﬁng plants generally experience lower levels of in-
breeding depression (Husband and Schemske, 1996) as selﬁng exposes
deleterious recessive alleles to selection (Crnokrak and Barrett, 2002).
Self-compatible trees, however, often display high inbreeding depres-
sion, even if they have mixed mating systems or are predominantly
selﬁng (Hardner and Potts, 1997; Ishida, 2006; Robertson et al., 2011).
Theory indicates that when rate of mutation is high, as is characteristic
of trees (Scoﬁeld and Schultz, 2006), there is a threshold in selﬁng rate
below which genetic load cannot be removed. This is because virtually
all selfed progeny will be homozygous for at least one lethal recessive
so will fail to reach reproduction (Lande et al., 1994; Morgan, 2001).
The high levels of both early and late inbreeding depression displayed
in A. dealbata in this study, and those found in other self-compatible
trees (Hardner and Potts, 1997; Ishida, 2006; Robertson et al., 2011)
are consistent with this scenario. InMagnolia obovata, for instance, the
primary selﬁng rate was over 0.8 but lifetime inbreeding depression
was 0.97 (Ishida, 2006).
Despite the suggestion that selﬁng has little demographic relevance
in trees because selfed progeny almost never reach maturity (Hardner
and Potts, 1997; Ishida, 2006; Robertson et al., 2011), it is plausible
that during invasion, sufﬁciently benign environmental conditions
allow some selfed progeny to survive to reproduction. In the introduced
range, where much suitable habitat is unoccupied, long distance dis-
persal would ensure that some selfed progeny would escape competi-
tion with outcrossed progeny. Selﬁng is also more likely to contribute
positively to ﬁtness when reproduction is precocious, because selfed
progeny have to cope with the effects of inbreeding depression for
only one or two years to survive to reproduction (Duminil et al.,
2009). Precocious reproduction is associated with invasiveness in
conifers (Richardson et al., 1994; Richardson and Rejmanek, 2004)
and in Acacia (Gibson et al., 2011). Intriguingly, the Kapok tree
Ceiba pentandra (Malvaceae), which colonised Africa by long dis-
tance dispersal from South America, is completely self-compatible
in Africa (Baker, 1965b cited in Dick et al., 2007) but populations
in South and Central America range from self-incompatible to at
258 J.G. Rodger, S.D. Johnson / South African Journal of Botany 88 (2013) 252–259least partially self-compatible (Lobo et al., 2005 and references
therein). This suggests that selﬁng played a role in successful natural
long distance colonisation for this species (Dick et al., 2007) and
could also contribute to invasion in trees.
Thus despite high inbreeding depression, the possibility that selﬁng
promotes invasion (or natural long distance colonisation) in trees
cannot yet be rejected. This could be resolved by using genetic markers
such asmicrosatellites to testwhether selfed progenyof self-compatible
trees such as A. dealbata do survive to reproduce during invasion.
Acknowledgements
JGRwas supported by aNational Research Foundation bursary during
this study. We are grateful to Kay Nixon, Michelle Gibson, Elizabeth
Wandrag, Chris Eckert, Lorne Wolfe and Elizabeth Elle for comments
on drafts of this manuscript. Special thanks to Kay Nixon for sharing
her advice, considerable expertise and permitting us access to a data
on seed set from her breeding system experiments on A. mearnsii.
Thanks to Costas Zachariades, Trevor Edwards and Terry Olckers for
additional advice during planning and execution andMark van Kleunen
for statistical advice. Thanks to Alison Young and the botanical garden at
the University of KwaZulu-Natal, Pietermaritzburg, for advice and use
of facilities.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.sajb.2013.08.002.
References
Angeloni, F., Ouborg, N.J., Leimu, R., 2011. Meta-analysis on the association of population
size and life history with inbreeding depression in plants. Biological Conservation
144, 35–43.
Baker, H.G., 1965a. Characteristics and modes of origin of weeds. In: Baker, H.G., Stebbins,
G.L. (Eds.), The Genetics of Colonizing Species. Academic Press, New York,
pp. 147–172.
Baker, H.G., 1965b. The evolution of the cultivated kapok tree: a probably West African
product. In: Brokensha, D. (Ed.), Ecology and Economic Development in Africa.
University of California, Berkeley, California, pp. 185–217.
Baker, H.G., 1974. The evolution of weeds. Annual Review of Ecology and Systematics 5,
1–24.
Barrett, S.C.H., 2011. Why reproductive systems matter for the invasion biology of plants.
In: Richardson, D.M. (Ed.), Fifty Years of Invasion Ecology: the Legacy of Charles Elton.
Blackwell Publishing, pp. 195–210.
Barrett, S.C.H., Harder, L.D., Worley, A.C., 1996. The comparative biology of pollination and
mating in ﬂowering plants. Philosophical Transactions of the Royal Society of London.
Series B, Biological Sciences 351, 1271–1280.
Bates, D., Maechler, M., 2010. lme4: linear mixed-effects models using S4 classes. R Package
Version 0.999375-37.
Bernhardt, P., 1989. Floral ecology of the Australian Acacia. In: Stirton, C.H., Zarucchi, J.L.
(Eds.), Advances in Legume Biology. Monograph in Systematic Botany from the
Missouri Botanical Garden, 29. Missouri Botanical Garden, St Louis, MI.
Bernhardt, P., Kenrick, J., Knox, R.B., 1984. Pollination biology and the breeding system of
Acacia retinodes (Leguminosae: Mimosoideae). Annals of the Missouri Botanical
Garden 71, 17–29.
Blakesley, D., Allen, A., Pellny, T.K., Roberts, A.V., 2002. Natural and induced polyploidy in
Acacia dealbata Link. and Acacia mangium Willd. Annals of Botany 90, 391–398.
Broadhurst, L.M., Young, A.G., 2006. Reproductive constraints for the long-term persistence
of fragmented Acacia dealbata (Mimosaceae) populations in southeast Australia.
Biological Conservation 133, 512–526.
Broadhurst, L.M., Young, A.G., Forrester, R., 2008. Genetic and demographic responses of
fragmented Acacia dealbata (Mimosaceae) populations in southeastern Australia.
Biological Conservation 141, 2843–2856.
Burns, J.H., Ashman, T.L., Steets, J.A., Harmon-Threatt, A., Knight, T.M., 2011. A phylogenet-
ically controlled analysis of the roles of reproductive traits in plant invasions.
Oecologia 166, 1009–1017.
Coombs, G., Peter, C.I., Johnson, S.D., 2009. A test for Allee effects in the self-incompatible
wasp-pollinated milkweed Gomphocarpus physocarpus. Austral Ecology 34, 688–697.
Crnokrak, P., Barrett, S.C.H., 2002. Perspective: purging the genetic load: a review of the
experimental evidence. Evolution 56, 2347–2358.
De Jong, T.J., Waser, N.M., Klinkhamer, P.G.L., 1993. Geitonogamy — the neglected side of
selﬁng. Trends in Ecology & Evolution 8, 321–325.
Dick, C.W., Bermingham, E., Lemes, M.R., Gribel, R., 2007. Extreme long-distance dispersal
of the lowland tropical rainforest tree Ceiba pentandra L. (Malvaceae) in Africa and
the Neotropics. Molecular Ecology 16, 3039–3049.Duminil, J., Hardy, O.J., Petit, R.J., 2009. Plant traits correlated with generation time directly
affect inbreeding depression and mating system and indirectly genetic structure. BMC
Evolutionary Biology 9.
Eckert, C.G., Samis, K.E., Dart, S., 2006. Reproductive assurance and the evolution of uni-
parental reproduction in ﬂowering plants. In: Harder, L.D., Barrett, S.C.H. (Eds.), Ecol-
ogy and Evolution of Flowers. Oxford University Press, New York, pp. 183–203.
Genstat, 2009. Genstat 12.1. VSN International.
Gibson, M.R., Richardson, D.M., Marchante, E., Marchante, H., Rodger, J.G., Stone, G.N.,
Byrne, M., Fuentes-Ramirez, A., George, N., Harris, C., Johnson, S.D., Le Roux, J.J.,
Miller, J.T., Murphy, D.J., Pauw, A., Prescott, M.N., Wandrag, E.M., Wilson, J.R.U.,
2011. Reproductive biology of Australian acacias: importantmediator of invasiveness?
Diversity and Distributions 17, 911–933.
Hao, J.H., Qiang, S., Chrobock, T., Van Kleunen,M., Liu, Q.Q., 2011. A test of Baker's law: breed-
ing systems of invasive species of Asteraceae in China. Biological Invasions 13, 571–580.
Hardner, C.M., Potts, B.M., 1995. Inbreeding depression and changes in variation after
selﬁng in Eucalyptus globulus ssp globulus. Silvae Genetica 44, 46–54.
Hardner, C.M., Potts, B.M., 1997. Postdispersal selection following mixed mating in
Eucalyptus regnans. Evolution 51, 103–111.
Henderson, L., 2007. Invasive, naturalized and casual alien plants in southern Africa:
a summary based on the Southern African Plant Invaders Atlas (SAPIA). Bothalia
37, 215–248.
Hood, G.M., 2009. PopTools Version 3.1.1.
Husband, B.C., Schemske, D.W., 1996. Evolution of themagnitude and timing of inbreeding
depression in plants. Evolution 50, 54–70.
Ishida, K., 2006. Maintenance of inbreeding depression in a highly self-fertilizing tree,
Magnolia obovata Thunb. Evolutionary Ecology 20, 173–191.
Ishida, K., 2008. Effects of inbreeding on the magnitude of inbreeding depression in a
highly self-fertilizing tree, Magnolia obovata. Ecological Research 23, 995–1003.
Kenrick, J., 2003. Review of pollen-pistil interactions and their relevance to the reproductive
biology of Acacia. Australian Systematic Botany 16, 119–130.
Kenrick, J., Knox, R.B., 1989a. Pollen–pistil interactions in Leguminosae (Mimosoideae).
In: Stirton, C.H., Zarrucchi, J.L. (Eds.), Advances in Legume Biology. Monographs in
Systematic Botany from the Missouri Botanical Gardens, 29. Missouri Botanical
Gardens, St Louis, Missouri, pp. 127–156.
Kenrick, J., Knox, R.B., 1989b. Quantitative analysis of self-incompatibility in trees of seven
species of Acacia. Journal of Heredity 80, 240–245.
Lande, R., Schemske, D.W., Schultz, S.T., 1994. High inbreeding depression, selective inter-
ference among loci, and the threshold rate for purging recessive lethal mutations.
Evolution 48, 965–978.
Larson, B.M.H., Barrett, S.C.H., 2000. A comparative analysis of pollen limitation inﬂowering
plants. Biological Journal of the Linnean Society 69, 503–520.
Lloyd, D.G., 1965. Evolution of self-compatibility and racial differentiation in Leavenworthia
(Cruciferae). Contributions of the Gray herbarium 195, 3–134.
Lloyd, D.G., 1992. Self-fertilization and cross-fertilization in plants 2. The selection of self-
fertilization. International Journal of Plant Sciences 153, 370–380.
Lloyd, D.G., Schoen, D.J., 1992. Self-fertilization and cross-fertilization in plants 1.
Functional dimensions. International Journal of Plant Sciences 153, 358–369.
Lobo, J.A., Quesada, M., Stoner, K.E., 2005. Effects of pollination by bats on the mating
system of Ceiba pentandra (Bombacaceae) populations in two tropical life zones
in Costa Rica. American Journal of Botany 92, 370–376.
Moffet, A.A., 1956. Genetical studies in acacias 1. The estimation of natural crossing in the
black wattle. Heredity 10, 57–67.
Moffett, A.A., Nixon, K.M., 1974. The effects of self-fertilization on green wattle (Acacia
decurrens Willd.) and black wattle (Acacia mearnsii De Wild). Annual Report, Wattle
Research Institute Report 1973–1974. 66–84.
Moncur, M.W., Moran, G.F., Grant, J.E., 1991. Factors limiting seed production in Acacia
mearnsii. In: Turnbull, J.W. (Ed.), Advances in Tropical Acacia Research, pp. 20–25
(Bangkok).
Morgan, M.T., 2001. Consequences of life history for inbreeding depression and mating
system evolution in plants. Proceedings of the Royal Society of London — Series B:
Biological Sciences 268, 1817–1824.
Morgan, A., Carthew, S.M., Sedgley, M., 2002. Breeding system, reproductive efﬁciency
and weed potential of Acacia baileyana. Australian Journal of Botany 50, 357–364.
Mullarkey, A.A., Byers, D.L., Anderson, R.C., 2013. Inbreeding depression and partitioning
of genetic load in the invasive biennial Alliaria petiolata (Brassicaceae). American
Journal of Botany 100, 509–518.
Payne, R.W., Welham, S.J., Harding, S.A., 2011. A Guide to REML in GenStat. VSN Interna-
tional, Hemel Hempstead, United Kingdom.
Petanidou, T., Godfree, R.C., Song, D.S., Kantsa, A., Dupont, Y.L., Waser, N.M., 2012. Self-
compatibility and plant invasiveness: comparing species in native and invasive
ranges. Perspectives in Plant Ecology Evolution and Systematics 14, 3–12.
Philp, J., Sherry, S.P., 1946. The degree of natural crossing in green wattle, Acacia decurrens
Willd. and its bearing on wattle breeding. Journal of the South African Forestry
Association 14, 1–28.
Poynton, R.J., 2009. Tree Planting in Southern Africa Vol 3— Other Genera. Department of
Agriculture, Forestry and Fisheries.
Pyšek, P., Jarošík, V., Chytrý, M., Danihelka, J., Kühn, I., Pergl, J., Tichý, L., Biesmeijer, J.C.,
Ellis, W.N., Kunin, W.E., Settele, J., 2011. Successful invaders co-opt pollinators of
native ﬂora and accumulate insect pollinators with increasing residence time.
Ecological Monographs 81, 277–293.
R. Core Team, 2010. R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing, Vienna.
Raduski, A.R., Haney, E.B., Igic, B., 2012. The expression of self-incompatibility in
angiosperms is bimodal. Evolution 66, 1275–1283.
Richardson, D.M., Rejmanek, M., 2004. Conifers as invasive aliens: a global survey and
predictive framework. Diversity and Distributions 10, 321–331.
259J.G. Rodger, S.D. Johnson / South African Journal of Botany 88 (2013) 252–259Richardson, D.M., Williams, P.A., Hobbs, R.J., 1994. Pine invasions in the southern-
hemisphere — determinants of spread and invadability. Journal of Biogeography 21,
511–527.
Robertson, A.W., Kelly, D., Ladley, J.J., 2011. Futile selﬁng in the trees Fuchsia excorticata
(Onagraceae) and Sophora microphylla (Fabaceae): inbreeding depression over
11 years. International Journal of Plant Sciences 172, 191–198.
Rodger, J.G., 2012. Consequences of Self-fertilisation for Fecundity and Progeny Perfor-
mance in Invasive Plants. (PhD Thesis) University of KwaZulu-Natal, Pietermaritzburg.
Scoﬁeld, D.G., Schultz, S.T., 2006. Mitosis, stature and evolution of plant mating systems:
low-Phi and high-Phi plants. Proceedings of the Royal Society B: Biological Sciences
273, 275–282.
Seaman, J.W.,Walls, S.C.,Wise, S.E., Jaeger, R.G., 1994. Caveat emptor: rank transformation
methods and interaction. Trends in Ecology & Evolution 9, 261–263.Sherry, S.P., 1971. The Black Wattle. University of Natal Press, Pietermaritzburg.
SPSS, 2008. SPSS 15.0 for Windows. SPSS Inc.
Van Kleunen, M., Johnson, S.D., 2007. Effects of self-compatibility on the distribution
range of invasive European plants in North America. Conservation Biology 21,
1537–1544.
Van Kleunen, M., Manning, J.C., Pasqualetto, V., Johnson, S.D., 2008. Phylogenetically inde-
pendent associations between autonomous self-fertilization and plant invasiveness.
American Naturalist 171, 195–201.
Ward, M., Johnson, S.D., Zalucki, M.P., 2012. Modes of reproduction in three inva-
sive milkweeds are consistent with Baker's Rule. Biological Invasions 14,
1237–1250.
Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed effects models
and extensions in ecology with R. Springer, New York.
